Abstract-Fault recorders can track the transients in the power system during a fault. However, they cannot provide a wide area picture of the power system operating condition. The provision to track the transients is of great interest for the power system operators. In this paper, a two-stage state estimator (SE), based on both conventional and phasor measurement unit (PMU) measurements, is presented. The estimator is able to track the dynamics of the power system states during a fault. The advantage of the proposed SE is that it does not require full power system observability by the PMU measurements. The two-stage SE was successfully tested on the IEEE 14 and 118 bus systems.
I. INTRODUCTION

C
ONTEMPORARY power systems are operated under heavily stressed conditions due to the ever-increasing electricity demand and deregulated electricity market. Maintaining the reliability and security of the power systems under such stressed conditions is a challenging task. The occurrence of severe faults and disturbances in the system needs to be detected timely, and necessary actions need to be taken. Monitoring of the power system operating conditions in real time, and thereby enhancing the situational awareness, is therefore a necessary prerequisite of increased reliability.
The monitoring of power systems is performed with the help of the state estimator (SE), which provides estimates of the power system states (i.e., bus voltage magnitudes and angles) at regular intervals. The estimation of the power system states by a contemporary SE is based on the conventional measurements, such as real/reactive power flows, real/reactive power injections, and bus voltage magnitudes. It should be noted that the power system should be fully observable by the measurements for a unique state estimation [1] . The conventional measurements have an inherently slow reporting rate (3-5 s), and thus, the conventional SE is suitable for monitoring a power system in steady state. Tracking the dynamics of the states after disturbances, such as the occurrence of a fault, with the help of this conventional SE is therefore infeasible.
The advent of the synchronized measurement technology and the installation of the phasor measurement units (PMUs) in the transmission level networks have opened up possibilities for the SE to be used for near-real-time monitoring of power systems. When installed at a bus, a PMU can measure the voltage phasor at that bus, the current phasors through the lines connected to that bus (assuming a sufficient number of current measurement channels or PMUs at that bus), the frequency, and the rate of change of frequency. The measurements obtained from PMUs are highly accurate, and the refresh rate of the measurements can be up to 50 or even 100 times per second for a 50-Hz system.
Although it may be desirable to deploy a sufficient number of PMUs to make the power system fully observable by PMUs only, the usual practice is to install the PMUs in an incremental fashion [2] . Although the cost of PMUs has reduced considerably, the major limiting factor for the wide-scale deployment of the PMUs is the cost and availability of the associated communication and data storage infrastructure and the availability of additional measurement channels of the instrument transformers at the substations. Therefore, the inclusion of the voltage and current phasor measurements in a contemporary SE, along with the conventional measurements, seems to be the most suitable option at present for exploiting the advantages of the PMU measurements. A SE that considers conventional as well as PMU measurements is frequently called a hybrid SE (HSE) [3] .
A potential problem in an HSE is the inclusion of the current measurements in the measurement vector since it is usually detrimental to the performance of the SE [1] . One has to decide carefully how the current phasor measurements from PMUs are to be included in the formulation of the state estimation problem [3] . In [4] , the synchronized and conventional measurements are used simultaneously in a weighted least squares (WLS) SE, while a set of constraints is used for relating the current measurements to the power system states. A two-stage SE is proposed in [5] , where a conventional SE is first executed for estimating the power system states. A linear SE (LSE) is then formulated based on the previously estimated states and the synchronized phasor measurements. In [6] , the synchronized phasor measurements are introduced to the conventional SE after being processed using an estimation fusion method. The use of pseudo flow measurements calculated using the current phasor measurements in an HSE is proposed in [3] . The common feature of the HSEs proposed in the literature is that they have improved accuracy compared to the conventional SE, mainly due to the inclusion of high-precision PMU measurements. However, their execution rate is the same as that of the conventional SE; i.e., they are useful for monitoring only the steady-state conditions. This implies that only the higher accuracy of the PMU measurements is utilized, ignoring their fast reporting rates.
A SE that will be able to provide the power system states in quasi-real-time would be of great interest for the power system operators. Such an application will enhance the visualization of the power system operating condition, particularly in case of faults, and provide a wide area picture of the power system state during fault conditions (unlike the fault recorders that provide local information at the occurrence of a fault).
In [7] , a method for interpolating the states of the buses that are unobservable by PMUs is proposed using sensitivity factors, updated at every execution of the conventional SE and arrival of the PMU measurements. Although the states of the unobservable buses are updated in quasi-real-time, the applicability of the proposed SE is limited in the case of abnormal conditions in the power system, as indicated in [8] . Note that PMU unobservable buses are the buses that are neither directly nor indirectly observed by PMUs. In other words, if a measurement tree is constructed with the PMU measurements only, these buses lie outside the tree. The technique of Nuqui [7] was used in [8] ; however, different weights were assigned for the conventional measurements, based on their distance to the fault (i.e., small weights were assigned to the conventional measurements near the fault, moderate weights to the other conventional measurements, and large weights to the PMU measurements). However, this method needs the detection of the fault beforehand, to assign the weights. In [9] , a methodology is described for the reconstruction and tracking of the states of a power system partially observed by PMUs. The method uses the power injections and the generator voltages as pseudomeasurements in an optimization framework with linear constraints. The use of an improved random-walk model for tracking the states of the power system using synchrophasor measurements is proposed in [10] .
In this paper, a two-stage SE is proposed for tracking the dynamics of the power system states following a fault. This can be accomplished without the power system being completely observable by PMUs and without needing to preidentify the fault. In the first stage, an HSE is executed as the conventional measurements are updated. In the second stage, an LSE is executed based on the updated PMU measurements and calculated pseudomeasurements for the unobservable buses. This paper comprises four sections. In Section II, the methodology behind the two-stage SE is presented. In Section III, the proposed SE is applied to the IEEE 14 and 118 bus systems. This paper concludes in Section IV.
II. TWO-STAGE SE
The two-stage SE is based on the fast reporting rate of the PMU measurements in order to track the transients of the power system states in case of faults. The proposed SE does not require the complete observability of the system by PMUs.
An HSE is executed as the conventional measurements are updated, while an LSE is executed as the PMU measurements are updated. The main differences of the proposed two-stage SE with the one proposed in [5] is the execution rate of the SEs and the measurements used in the two stages of SEs. In particular, in the SE proposed in [5] , in the first stage, only conventional measurements are used, while the second stage (LSE execution) is executed for refining the estimated states provided in the first stage, using the previously estimated states and the PMU measurements. Furthermore, the execution time of the SE in [5] is based on the update rate of the conventional measurements, thus monitoring the steady-state condition of the power systems. The execution time of the proposed SE is based on the update rate of the PMU measurements. In addition, in the first stage of the SE, an HSE is executed using both conventional and PMU measurements, while in the second stage, the updated PMU measurements with some pseudomeasurements (created from the updated PMU measurements and the previously estimated states) for the unobservable buses are used in an LSE. This accomplishes the tracking of the transients of the estimated states during fault conditions. In this section, brief discussions on the hybrid and the LSE are included to make the paper selfcontained. The idea of the two-stage SE is also illustrated.
A. HSE Formulation
In this paper, the HSE proposed in [3] is used and is summarized here for completeness. The model of the HSE is the same as that of the conventional SE [11] 
where z is the measurement vector, h(x) is the vector containing the equations that relate the measurements to the system states, x is the state vector containing the power system states, and e is the Gaussian noise in the measurements. Based on the WLS formulation, the state vector can be determined by minimizing the function J(x) as
where R is the measurement error covariance matrix. Thus
where H(x) is the Jacobian matrix and is equal to ∂h(x)/∂x and G(x) is the gain matrix, given by H T (x)R −1 H(x). In the proposed HSE, the measurement vector z consists of conventional measurements (power flows, power injections, and bus voltage magnitudes) and synchronized measurements (bus voltage phasors and line current phasors). The problem is nonlinear, and the state vector x is estimated through an iterative procedure [1] . The presence of the current phasor measurements may cause convergence problems to the HSE, due to numerical ill-conditioning [12] . Thus, the pseudo flow measurements are used instead of the direct current phasor measurements. The flow measurements can be calculated as Hence, the measurement vector of the proposed HSE is formed as
B. LSE
When a power system is fully observable by PMU measurements, the power system states can be estimated by an LSE. In order to express the current phasor measurements provided by PMUs with a linear relation to the states of the power system, the voltage phasors should be transformed to rectangular form. Therefore, the measurements of the PMUs can be expressed as a function of the rectangular power system states as
where V r , V i , I r , and I i are the real and imaginary parts of the bus voltage phasors and the branch current phasors, respectively, when they are expressed in rectangular form. The noniterative WLS solution of the states is given by
C. Two-Stage SE
With the help of the two-stage SE proposed in this paper, the linear estimation algorithm can be applied to power systems that are not completely observable by PMUs. The sequence of operation of the two-stage SE is illustrated in Fig. 1 . In the first step, an HSE is executed (for example, as soon as all the conventional measurements are updated to the current time instant). The second step comprises a number of LSE executions (for example, as soon as the PMU measurements are updated). When the next conventional measurement set arrives, an HSE is executed again, followed by the same number of LSE executions. This cycle continues indefinitely. This two-stage SE, as demonstrated in Section III, facilitates the tracking of the transients of the power system states following a fault. It is to be noted that the time interval between two consecutive executions of an HSE, i.e., t HSE , is much larger than the time interval t LSE between two consecutive LSE executions, as illustrated in Fig. 1 . The flowchart of the algorithm for the two-stage SE is shown in Fig. 2 . The use of the two-stage SE in a partially observable power system by PMUs in the case of a fault is based on the creation of pseudomeasurements for the unobservable buses. This concept is better illustrated using the IEEE 14 bus system diagram shown in Fig. 3 .
It is assumed that the IEEE 14 bus system has three PMUs, located at buses 4, 5, and 7. With this PMU configuration, buses 1, 2, 3, 4, 5, 6, 7, 8, and 9 are observable by PMUs (assuming PMUs with enough current measurement channels), while buses 10, 11, 12, 13, and 14 are not observable by PMUs. The branches indicated by thicker lines in Fig. 3 are observable by PMUs. The execution of an LSE with such a PMU configuration is not feasible, and therefore, the tracking of transients during fault conditions is not possible. In order to execute an LSE in a system not completely observable by PMUs, the voltage phasors of the unobservable buses and/or the current phasors of the branches that connect the unobservable buses to the PMU-observable buses should be known. Thus, for making the power system fully observable, some pseudomeasurements need to be included to the measurement vector of the SE. In this paper, the previously estimated states are used for creating these pseudomeasurements. Referring to Fig. 1 , at time t 1 = k, an HSE is executed, and the estimated state vector is formed aŝ
It is assumed that the power system is fully observable by the combination of conventional and PMU measurements.
In the next instant, t 2 = k + t LSE , only the PMU measurements are updated since their reporting rate is much faster than that of the conventional measurements. Based on the PMU configuration of the IEEE 14 bus system, at this time instant, buses 10, 11, 12, 13, and 14 are not observable by PMUs. For these unobservable buses, pseudomeasurements are created using the previously estimated states. More specifically, the current phasors through the unobservable lines are calculated using the estimates provided by the most recent HSE or LSE execution.
In particular, in the IEEE 14 bus system, at t 2 = k + t LSE , when an LSE must be executed, the current phasors for branches 16, 11, 12, 13 , and 17 are derived from the most recently available estimates for rendering the buses 10, 11, 12, 13, and 14 observable. By assuming a pi model of the transmission line, shown in Fig. 4 , the current phasor pseudomeasurements at t 2 can be calculated as
ij is the phasor of the current that flows from bus i to bus j at t 2 = k + t LSE ,V
j is the voltage phasor of bus j as estimated at t 1 = k, y i is the shunt admittance connected at bus i and is equal to g si + jb si , and y ij is the series admittance between bus i and bus j and is equal to g ij + jb ij .
Therefore, the measurement vector of the LSE at t 2 = k + t LSE consists of the voltage and the current phasor measurements provided by the PMUs at that time instant and the current phasor pseudomeasurements at t 1 = k that are needed for rendering the unobservable buses observable.
According to (10) , the current phasor pseudomeasurements that are introduced to the LSE measurement vector are effectively the values of the respective currents at the previous time instant. The difference in the current phasors between the previous and the current time instant may not be negligible (particularly in the case of a fault where the states of the system experience fast transients). However, this error does not significantly affect the accuracy of the LSE. The states of both observable and unobservable buses are estimated with reasonable accuracy even during fault conditions. This can be shown by examining how the states of the unobservable buses are related to the current phasor pseudomeasurements, as explained hereinafter. This is also demonstrated through the case studies in Section III.
Based on Fig. 4 and assuming that bus i is indirectly observable by a PMU (i.e., it is connected to a PMU bus) and bus j is not observable, the current phasor that flows from bus i to bus j at t 1 = k is used in the LSE as the pseudomeasurement at t 2 = k + t LSE . Therefore, the real and the imaginary parts of the voltage at bus j can be expressed according to the available measurements in the LSE aŝ (10), and the constants A 1 and A 2 are given by
From (11) and (12), it is evident that the real and the imaginary parts of the voltage of the unobservable bus j depend on the voltage of bus i, which is known since bus i is observable by a PMU. The real and the imaginary parts of the current phasor pseudomeasurements are multiplied by g ij /(g It is to be noted that the measurement vector of the LSE is updated at the same rate as the PMU measurements. Furthermore, the current pseudomeasurements are created based on the previous HSE or LSE execution. The use of current pseudomeasurements is valid only in the case where the voltage of the unobservable buses is not regulated by a voltage regulator (i.e., compensator, generator, etc.). For a voltage-regulated bus, the voltage does not depend heavily on the voltage of its adjacent bus, and thus, the method of determining the voltages, described in (11) and (12), may not work well. In this paper, it is assumed that the voltage-regulated buses are observed by PMUs. This assumption is realistic, as the utilities usually install PMUs for observing the generator buses. The depth of observability of the buses by PMUs is an important consideration for the proposed two-stage SE. In particular, the unobservable buses should not be more than two buses away from the PMUs, as in the PMU configuration shown in Fig. 3 for the IEEE 14 bus system. By satisfying the constraint that all the voltage-regulated buses are observed by PMUs, it is highly possible that the constraint for the depth of unobservabilty is also satisfied.
III. APPLICATION OF TWO-STAGE SE
The two-stage SE can be applied in a power system partially observable by PMUs and can provide the power system operating condition in quasi-real-time. This feature of the two-stage SE can be used for tracking the transients of the power system states after the occurrence of a fault. This section provides the results obtained by the application of the proposed two-stage estimator to the IEEE 14 and 118 bus systems. In the presented case studies, the PMU measurement reporting rate was assumed to be 50 phasors per second, while the conventional measurements were assumed to be updated every five seconds. Dynamic simulations of the test systems are performed with appropriate dynamic models of various components, such as generators (including the exciter and governor models), condensers, and loads.
A. Generation of Virtual Measurements
The measurements used in the two-stage SE are obtained from transient stability analysis software [13] . To generate the virtual measurements, the power flow results are subjected to random noise, assuming that all the systematic errors are eliminated from the measurement process [14] . The Gaussian noise added to the PMU measurements is assumed to be introduced by mainly two components of the measurement chain: the instrument transformer and the measurement device. The PMU measurements that are used in the two-stage SE were created as Furthermore, the conventional measurements, such as the power flows and the power injections that are used in the HSE, were created as (18) where P transf and Q transf are the power measurements including the uncertainties that are introduced by the instrument transformers and can be calculated as (20) and u P,Q MU is the power measurement device standard uncertainty. [16] Both the instrument transformer and the measurement device standard uncertainties (PMUs and power measurement devices) are calculated based on the maximum errors introduced to the measurements, as specified by the manufacturers [15] , [16] and assuming that the measurement errors lie with a 95% probability in the interval bounded by the maximum errors [14] . The maximum errors for both the measurement devices and the instrument transformers are shown in Tables I and II, respectively. Without loss of generality, it is assumed that the instrument transformers belong to the 0.5 accuracy class. Furthermore, the maximum total vector error of the PMUs is assumed to be 1% for being compliant with [17] .
B. Measurement Weights
The measurements in the SE are weighted according to their accuracy. In the case of the proposed two-stage SE, both the conventional and the PMU measurements are weighted according to the accuracy of the overall measurement chain, taking into consideration both instrument transformer and measurement device uncertainties as shown in [18] . The weights of the current phasor pseudomeasurements are calculated using the variance of the estimated states used in the calculation of the pseudomeasurements. The covariance matrix of the estimated states in a WLS SE is the inverse of its gain matrix [5] ; hence, the variance of the estimated state can be calculated as
Therefore, according to the measurement uncertainty propagation theory [14] , the uncertainty in the current phasor pseudomeasurement in the branch connecting bus i and bus j can be calculated as
T and contains the estimated states used for the calculation of the current phasor pseudomeasurements and u(p(k)) contains the uncertainty of the estimated states. The calculated measurement uncertainties are used in the measurement error covariance matrix R of the LSE, whose inverse is used for assigning weights to the pseudomeasurements of the current phasors. It is to be noted that the more related the measurement weights are to the accuracy of the measurements, the better the performance of the SE is [18] .
C. Case Study for IEEE 14 Bus System
The measurement configuration in the IEEE 14 bus system for rendering the system observable in the case of an HSE execution is shown in Table III . The PMU measurements are not enough to render the system observable since the minimum number of PMUs needed to make the system observable is four [19] . Having this PMU configuration, buses 10, 11, 12, 13, and 14 are unobservable by the PMUs. The use of an LSE for this measurement configuration is not possible; however, the two-stage SE can be applied. The PMUs are placed in a way to observe the generator buses; also, all the unobservable buses are connected to a PMU-observable bus (i.e., depth of observability = 2).
In order to assess the performance of the proposed SE during a fault, it was assumed that a solid three-phase-to-ground fault occurred at bus 2 at t = 1 s, and it was cleared after eight cycles at t = 1.16 s. The HSE was executed every 5 s, as the conventional measurements were updated. The LSE was executed every 0.02 s, with the arrival of the new measurement from PMUs. The simulation time interval was 5 s, and no measurement transfer delay was taken into consideration. For simplified analysis, time skewness among measurements was neglected. The average error in the estimation of the voltage magnitude and angle of the unobservable buses is tabulated in Table IV and is calculated as angle of bus i at time t, and S is the number of two-stage SE executions for a certain time interval.
It is evident from Table IV that, with the application of the two-stage SE, the states of the unobservable buses can be estimated accurately as the average voltage magnitudes and angle errors are within acceptable limits. The estimated and the real voltage magnitudes and angles of buses 13 and 14 are shown in Figs. 5-8. Although these two buses have the two larger average estimation errors, compared to the other unobservable buses, the tracking of their transients during and after the fault is accurate enough to provide the power system operators valuable information about the operating condition of the system. The transients of the PMU-observable buses (i.e., depth of observability = 1) are tracked accurately by the twostage SE.
D. Case Study for IEEE 118 Bus System
The two-stage SE was also applied to the IEEE 118 bus system in the case of a fault occurrence at bus 38 at time instant t = 1 s, while the fault is cleared at t = 1.16 s. The locations of both the conventional and the synchronized measurements are shown in Table V . The power system is fully observable by both conventional and PMU measurements; however, it is partially observable by the PMU measurements alone. The execution of an LSE is therefore not possible. In particular, 32 PMUs are needed for rendering the IEEE 118 bus system observable [19] , and only 22 PMUs are assumed to be installed in the system. It is ensured that the generator buses are observed by PMUs since their voltages are regulated. For this measurement configuration, 25 buses are not observed by the PMUs, and the two-stage SE is applied for 10 s in order to track the transients of their states under fault conditions. The average voltage magnitude and angle estimation errors calculated using (23) and (24) for these 25 PMU unobservable buses are shown in Figs. 9 and 10, respectively.
From the results shown in Figs. 9 and 10, it can be concluded that the two-stage SE is able to track the transients of the PMU-unobservable buses during the fault conditions. Furthermore, the estimation error of the states of the PMU-observable buses (depth of observability = 1) is much smaller than the respective error of the unobservable buses, both in the voltage magnitude and voltage angle. In order to illustrate the performance of the two-stage SE during fault conditions, the voltage magnitudes and voltage angles of buses 13 and 14, which have the largest average estimation error, are shown in Figs. 11-14 .
Another important metric of the SE performance is the proper tracking of the angle difference between two connected buses (extremely important for stability monitoring). In this sense, the real and estimated angle differences between buses 14 and 15 and buses 96 and 97 are shown in Figs. 15  and 16 . These two lines were selected given that buses 14 and 97 have the largest average voltage angle estimation error as indicated in Fig. 10 . In order to further illustrate the effectiveness of the proposed two-stage SE, more types of contingencies were considered in the IEEE 118 bus system. In particular, a high impedance fault with a fault impedance of 0.1 + j0.01 p.u. was applied at t = 1 s in the middle of the transmission line that connects Furthermore, a 50% abrupt load increase at t = 1 s at buses 40, 41, 42, 53, 54, 55, 56, and 59 was also considered. The total load increase was 295 MW, and the voltage magnitude and angle of bus 64 are shown in Figs. 19 and 20 . It is to be noted that bus 64 is close to the area where the load increase occurred, and therefore, it is affected more than the other PMU-unobservable buses, having the largest average estimation error. As a last contingency case, the transmission line that connects buses 26 and 30 was tripped for 1 s. The particular transmission line is one of the most heavily loaded lines in the IEEE 118 bus system. Bus 20, which is close to the tripped transmission line, is affected more by this contingency and has also the largest average estimation error. Its voltage magnitude and angle are shown in Figs. 21 and 22 , respectively.
The two-stage SE has also been tested for a depth of observability of more than 2. The results obtained by this test indicate that the transients of the unobservable buses that are more than two buses away from a PMU-observable bus can be tracked accurately. This shows the applicability of the proposed method for power systems even with a small number of PMUs.
It is to be noted that there will always be some delay between the occurrence of the transient and the arrival of the measurements at the control center. Any control action based on the monitored transient should take this delay into consideration. This may be the subject of future work in this area. Methodologies for monitoring transients arising because of unsymmetrical faults may also be investigated. 
IV. CONCLUSION
In this paper, a two-stage SE is presented for tracking the dynamics of the power system states following a fault. The proposed SE takes advantage of the fast reporting rate of the PMUs and is capable of estimating the states under transient conditions with a high degree of accuracy, even with a small number of PMUs. Usually, such tracking of the transient states is possible only for systems completely observable by the PMUs. The proposed method works satisfactorily even when many of the buses are not observable by the PMUs. Between two successive executions of the conventional WLS SE, PMU measurements are utilized through an LSE to capture the changes in the states of the power system. The accuracy in tracking the transient states improves with the increase in the number of installed PMUs. The application of the proposed method on test systems confirms the theory developed and demonstrates that this method can be implemented in actual power systems.
